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Introduction: Titan is the only other known       
planetary body in our Solar System that has liquids on          
its surface. The lakes and seas of Titan are composed          
primarily of methane (CH4) and/or ethane (C2H6), with        
the concentration of dissolved nitrogen from the       
atmosphere dependant on the ratio of methane to        
ethane, the temperature, and pressure.  

Propane (C3H8) is formed photochemically in the       
upper atmosphere of Titan, and its primary loss from         
the atmosphere is due to condensation at the        
tropopause [1]. The freezing point of propane is 85.5         
K, meaning that it is liquid on the surface of Titan, like            
methane and ethane. Given that mixing methane and        
ethane can lower the freezing point beyond that of         
either pure species [2], we have begun an exploration         
of the effect of propane on methane, ethane, nitrogen,         
and their mixtures.  

Methodology: Northern Arizona University    
(NAU) hosts one of a handful of laboratories around         
the world devoted to studies of astrophysical ices and         
liquids [2-4]. In it, volatiles are condensed within an         
enclosed cell (Fig 1). Cooling is provided by        
closed-cycle helium refrigerators, within vacuum     
chambers for insulation. Cryogenic samples are studied       
via various analytical techniques including visible and       
infrared transmission spectroscopy, Raman spectro-     
scopy (Fig 1), and photography (e.g. Fig 2). 

Our first series of experiments was to mix propane         
with each hydrocarbon as binaries, measure the       
freezing point of the binary mixture, then add nitrogen.         
Before beginning experimentation, eutectic calcul-     
ations were performed for the propane-ethane and       
propane-methane systems. These calculations assumed     
ideal mixing and subsequently were used to advise        
mole fraction ratios for our experiments. The ideal        
eutectic mixture for propane and ethane was found to         
be 51% propane and 49% ethane at a temperature of          
75.5 K. The ideal eutectic mixture for propane and  

 

 
Fig 1. Schematic of the sample cell and raman optics.  

methane was found to be 32% propane and 68%         
methane at a temperature of 69.4 K. We used these          
predictions to determine the starting compositions for       
our experiments, and to roughly guide our experiment        
as we stepped through sample temperature.  

We also performed molecular dynamics simu-      
lations on a mixture with mole fractions of 0.25 N2,          
0.25 CH4, 0.25 C2H6, and 0.25 C3H8 at 100 K to           
understand the breakdown of ideality. Simulations      
were performed with the Amber software package       
version 18 and interactions were modeled with the        
GAFF2 force field.  

Experimental Results: Our first experiment was      
conducted with propane and ethane. We mixed       
propane and ethane in a 51:49 mole fraction ratio         
(according to our preliminary ideal eutectic      
calculation). The liquidus was determined to be 74.9 K         
by repeatedly freezing and melting ice crystals       
suspended in the liquid mixture. As nitrogen entered        
the cell, it dissolved into the hydrocarbon mixture and         
formed a second liquid. This second, denser liquid        
repeatedly dripped down to the bottom of the cell to          
form the layer seen at the bottom left of Figure 2           
below. 

In our next experiment we examined a mixture of         
propane and methane in a 32:68 mole fraction ratio, as          
per the ideal eutectic calculation. After the liquidus        
was determined to be 79.0 K via the same method of           
repeatedly freezing and melting ice in the sample,        
nitrogen was added to the system. This time, when the          
nitrogen dissolved into the hydrocarbon mixture, it did        
not form a second liquid. Comparing two different cell         
scan heights in the perturbed mixture did not reveal         
any significant fractionation in the sample. By       
following up on these preliminary results, we can learn         
about nitrogen solubility in hydrocarbon mixtures at       
Titan conditions. 

Numerical Simulations: We examined a     
homogeneous N2:CH4:C2H6:C3H8 liquid system to     
understand the breakdown of ideality. Under these       
conditions, no signs of the formation of multiple        
phases are observed. In these simulations, real effects        
are quantified by calculating the binding free energy        
between each pair of molecules from -kBT ln [radial         
distribution function (RDF) maximum], where kB is       
Boltzmann’s constant, T is the temperature, ln is the         
natural logarithm, and RDF maximum is the first        
maximum in the radial distribution between the two        
molecules of interest. We found that the binding free         
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energies of N2 to CH4, C2H6, and C3H8 are -0.86, -0.60,           
and -0.35 kJ/mol, respectively.  

Discussion: Our observations of propane mixtures      
revealed some behaviors that diverge from the       
behavior of pure propane. The propane-ethane mixture       
froze and melted at 74.9 K while the ideal eutectic          
calculation indicated this should occur at 75.5 K. This         
is strikingly close to ideal behavior. Meanwhile, the        
propane-methane mixture froze and melted at 79.0 K,        
compared to the 69.4 K predicted by the ideal eutectic          
calculation. 

The difference in the behavior of the two        
propane-hydrocarbon mixtures when perturbed by     
nitrogen is also interesting. The nitrogen caused a        
second liquid to form in the propane-ethane mixture        
(Fig 2 left), while it did not form a second liquid in the             
initial propane-methane mixture. The propane-methane     
experiment was repeated, but this time at a 50:50 ratio,          
then with excess nitrogen gas. Unlike for the predicted         
eutectic ratio (32:68), this time the system did form a          
liquid-liquid equilibrium (Fig 2 right). The droplets       
that form in the systems with propane seem to have a           
large difference in surface tension compared to the        
other liquid, and thus form spheres. Upon injecting N2         
into the cell, the droplets form at the meniscus and          
eventually fall once enough material has collected.       
Hence, the material at the meniscus and at the bottom          
of the cell in figure 2 are the same composition. 

The difference in behavior of the propane-ethane       
system and the propane-methane system can be       
attributed to the difference in solubility for the two         
ternary liquid systems. When the solubility limit of        
nitrogen into the hydrocarbon is reached, a       
liquid-liquid system will form. The solubility curve for        
each of these binary systems could be found by         
repeating these experiments with different ratios of       

propane-hydrocarbon while measuring the total     
amount of nitrogen that enters the cell. For further         
analysis, the phase diagrams at conditions where the        
second liquids were observed will be used. They are         
calculated using CRYOCHEM [5]. 

In the numerical simulations, the binding free       
energy is typically compared with the thermal energy        
kBT, which is 0.83 kJ/mol at 100 K, to estimate the           
‘stickiness’ of two molecules. When the magnitude of        
the thermal energy is greater than the binding free         
energy, the molecules have the kinetic energy to        
separate. This reveals that increasing alkane length       
results in a decrease in binding strength between N2         
and each of the alkanes, which suggests a molecular         
explanation for the phase behavior observed in the        
experiments of these systems at lower temperatures.  

Conclusions and Future Work: Pure propane      
should not freeze on the surface of Titan. However, we          
see propane ice form under certain conditions that        
might be possible on Titan (Fig 2, left). We also see           
that the liquid-liquid system can form with the addition         
of propane. We continue to explore the effects of         
propane on methane, ethane and nitrogen, both       
individually and additively, and constrain the      
conditions under which interesting phenomenon occur.  

Acknowledgments: This work was sponsored by      
NASA SSW grant #80NSSC18K0203, NSF REU grant       
#1461200, and a grant from the John and Maureen         
Hendricks Charitable Foundation. 

References: [1] Hörst, S. (2017) JGR, 122,       
432–482. [2] Hanley J. et al (2017) LPSC Abstract         
#1686. [3] Protopapa S. et al (2015) Icarus 253,         
179–188. [4] Engle, A.E. et al (2019) LPSC Abstract         
#2509. [5] Tan & Kargel (2018) FPE 458, 153. 

 

 
 
Figure 2. Left: Image of     
propane-ethane mixture  
with excess nitrogen (74.9    
K), showing two liquid    
phases. Right: Image of    
propane-methane mixture  
with excess nitrogen (79    
K), showing two liquid    
phases. The top liquid    
collects and drips through    
the middle liquid layer,    
and collects at the bottom. 
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